SEMILINEAR DISPERSIVE EQUATIONS

BENOIT PAUSADER AND ALEXANDRU IONESCU

1. EXAMPLES OF NORMAL FORM TRANSFORMATIONS

Normal form transformations correspond to a change of unknown v — v :=
u + O(u?) which allows to remove some parts of the nonlinearity (at least up to
terms of higher homogeneity)

Lu = O(u?) = Nyes(u) + Nppes(u) — L(v) = Nyes(u) + O(u?).

It turns out that such transformations can often be found for oscillatory ODEs and,
after passing to Fourier space, for dispersive equations (see e.g. [10]).

1.1. Null form for the wave equation. A simple example of normal form trans-
formation occurs for the null nonlinear wave equation'

Ou = Qo(u,u) = (Opu)? — |V ul?
In this case, we observe that the simple change of unknowns u — v = u + u?/2
gives
Ov = 0O(u +v?®/2) = uDu = u ((Opu)* — |Vul?)

and this conjugates the original quadratic equation for u into a cubic equation for
v. We can also note that this is only the first term of a complete normal form

O(e* — 1) = " (Ou — (u)* + |Vyul?) =0,
so that w = e* — 1 evolves completely linearly.

1.2. KdV on T in L?. This follows essentially [1]. We consider the KdV equation
on the Torus T =R/(27Z) :

(0 + Opwe) u = Oy (u?), u(z,t): TxR—R. (1.1)
Conjugating by the free flow and taking the Fourier transform, we can write
u(w,t) = Y et = a )
keZ
and we obtain
(at + azxa:) u = Z 8tak (t)ei[kw+k3t]7
kEZ

aa;(uz) =i(p+4q) Z ap(t)aq(t)ei[(p+q)x+(p3+q3)t]
p,q€Z

Ihere we denote the D’Alembertian by Ou = (763 + A) u = mf"ﬁaa(?ﬁu.
1



2 BENOIT PAUSADER AND ALEXANDRU IONESCU

and matching the oscillatory phase?, we obtain the ODE system
dran(t) =ik Y ay(tya, ()T ke

p,q€Z, (1.2)
p+a=k
We directly remark that 0;ag = 0, and in fact, up to replacing
1
u— v(x,t) = u(x — 2ct, t), ci=— / updz,
IT| Jr
we may assume that ag(t) = 0. In addition, if p + ¢ = k, we can decompose
P+’ =k =p’+¢’ — (p+9)° = -3pa(p +q)
and we can partially integrate (1.2) by integrating the fast oscillation:
‘ ei[p3+q37k3]t
Orar(t) = —ik > ap(t)ag(t)o; {Z.gkpq ;
P,q9€Z,
p+q=k
— _5, 1 3 ap(t) aq(t) il R (1.3)
3 p q
P,q€EZL
p+q=k
2 Z ap(t) . Draq(t) it -kt
3 q ’
P,q€Z,
ptq=k
and letting
A= a +y Y 2l e
p.ael p q
ptg=k
we see that ay — Ay is a local change of variable on h*, s > 0 with
kY (Ar = a)llez(zy S llallzez, (1.4)
and
ot =—2 3 200 (t) PR T, 0,0)
s Ak 3 » a T e (1.5)
p,q,TEZL,
ptg+r=k

and we note that T is bounded in ¢1(Z) C h! so that the regular Cauchy-Lipshitz
gives

Theorem 1.1. Any initial data ug € H(T) leads to a local solution v € C([0,T] :
HY(T)) where T = T(||uo|| ). Using the conservation laws, this solution can be
extended to a global solution.

Proof of Theorem 1.1. Tt follows from (1.2) that
M = |la(®)[|7 = o7,
is conserved. We see from (1.4) that

lallyr < [[Allps + O(M).

2or taking the Fourier transaform in x.
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In addition, inspection of (1.5) using the algebra property gives that
1T(a,b,c)llpr < llallor[[blly:[clly

so that the ODE for A has a local solution on a time interval [0,7] with T" =
T(||a(0)||p2). The solution can be extended globally through the conservation of
the energy

1 1
E(u) := 5/T(agﬂu)zdgc—i— g/qru?’dx

which, together with the conservation of the mass, controls the H' norm through
Sobolev embedding:

‘/ widx
T

In fact, using that

< Jull g M(u) S M(u)? + M(u) |, 2.

P+ +r =k =3p+q+r)(g+r)

the normal form transformation can be iterated to give L2(T)-LWP? but the com-
putations become more cumbersome since some part of the nonlinearity becomes
resonant (e.g. when p + ¢ = 0 - observe that in this case, one can use that
>, pa—p =) apa, = |lal|e is conserved) and cannot be integrated.

2. AN EXAMPLE OF LINEAR SCATTERING FOR THE NONLINEAR SCHRODINGER
EQUATION

This is more or less taken from [2, 11]. We will consider the following equation
for (z,t) € R3 x R:

(10 — A)u + |u*u = 0, u(t =0) = ug € H'(R?). (2.1)

Solutions are global by a continuation argument thanks to the conservation laws*

1
M(u) = / lu(z, £)[2dz = / () 2dz,  E(u) = / {|Vu|2 + 2|u|4} da = B(ug).
(2.2)
We propose to prove the following:

Theorem 2.1. Any solution of (2.1) starting from H' initial data leads to a unique
global solution u € Cy(R : H'(R®))N L ,(R? x R) that scatters linearly in the sense
that there exists u* € H' such that

lu(t) — e u®|| g1 — 0 as t — +oo.

In addition, we have propagation of reqularity: assuming that ug € H®, s > 1, then
u€ Cy(R: H?) and

lu* |2+ S Clluollzz-.

3see [1] for details

4the first can be verified by multiplying the equation by wu, taking the imaginary part and
integrating. The second can be obtained by multiplying the equation by Oyu, taking the real part
and integrating.
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Remark 2.1. (1) The theorem remains true in arbitrary dimension d > 1,
provided one replaces the nonlinearity |u|>u by |ulP~ u for 1 +4/d < p <
144/(d—2) (14+4/d < p < oo when d = 1,2), although the proof gets
considerably more complicated in the endpoint case.

(2) The problem is more complicated in the focusing case when +|ul?u is re-
placed by —|u|?u. In this case, one needs to add at least some solitons, but
the general picture is still largely conjectural.

We will focus on the case t — +o0o. Thanks to the time-reversal symmetry
u(z,t) = a(x, —t)

the result for the backward case t — —oo follows from the forward case. Before we
continue with the proof, we can observe that the proof of weak scattering is simple
(see Lemma 2.1). We also recall that (2.1) is invariant by the scaling

u(z,t) — Mu(Az, \%t), uo(x) = Aug(A\x) (2.3)

which preserves the H 2-norm of the initial data. And therefore, for control of global
behavior, only scale-invariant norms can be helpful. Fortunately, the conservation
laws (2.2) provides us with two off-scale global bounds which can then be used to
interpolate with many more off-scale bounds to produce a scale-invariant norm.
Starting from (2.2), we already see that
1 1
bl -y S ullde s Vol o S /M E W)

~

is a first scale-invariant quantity. If this norm is small, local theory gives the
scattering result easily. When this norm is large, we need to obtain a norm that
can be made small for large time. Here we will choose a Strichartz norm LY L2 with
p < oo (where functions of compact support in time are dense).

2.1. Reduction to a quantitative estimate.

2.1.1. The Duhamel formula. If we consider a smooth solution, we may conjugate
the equation by e**® and rewrite
O {e™u(t)} =i {Ju(t)|Pu(t)} (2.4)

which, upon integration, leads to
t

u(t) = e Pug +i e~ =92 L) Pu(s) Y ds
0 ori [ {Ju(s)Pus)} d

= e itA {uo +i / t_o e~ {[u(s)[2u(s)} ds}

and we see that scattering is more or less equivalent to making sense of the indefinite
integral

ut =g +i/ e A {lu(s)[Pu(s)} ds. (2.5)
s=0
Given the conservation laws, this integral converges weakly.

Lemma 2.1. Let u be a solution to (2.1) with H' initial data. This solution
converges weakly in the sense that there exists ut € H' such that for all ¢ €
C2°(R3), there holds that

(u(t),e” "2 ¢) — (uF, @), as t — £oo. (2.6)
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Proof of Lemma 2.1. Given ¢ € C°(R3), we take the inner product and use the
linear dispersion to get

mg(t) := (u(t), e "2¢) = (" Pu(t), ¢)
= (w0 )+ [ {ful)Puls) o)ds
= (ug, ¢) +i/ I(s)ds, I(s) := <|u(s)|2u(s),ei5A¢>

s=0
and it suffices to show that I(s) is integrable. But using the dispersion inequality
(2.11) and the conservation laws, we see that

o

()] S el u® ()ll1r S ()72 uls)lFa S ()72 [M(u) + E(u)] .

Besides, we see that

[N

[ < Yiminf e Su(®)]| e = [lu(®)]| g < [M(u) + E(u)]? .
O

In fact, with an appropriate spacetime bound, we can upgrade this to strong
convergence.

Lemma 2.2. Assume that u € Lfm(]R3 x R), then u scatters. In particular u
scatters if Hu||H% < ¢ is small enough.

Proof of Lemma 2.2. This follows from Strichartz estimates. Up to choosing T
large enough, we can assume that

[l

L3([T,00):L5) < €
and Strichartz estimates give that for P € {Id,V,}, on I = [T,T*)
[ Pullsory S [[1Pu(T)|z2 + HU2PU||L%
x,t

< D) s+ 2] 5 1Pl g
x,t

3
x

~

S @) + 2| Pullsocry

and we can absorb the right-hand side into the left hand side to obtain a uniform

10
bound: u,Vu € L,’;, and redoing the computations, we see that

P / e85 Lu(s)Pu(s) L sl = < [Pl 1

LF (joro0): Lt )

S Nl (o002 | Pl 30
St

x

and we have a Cauchy sequence as 0 — oc.
O

Lemma 2.3. Let u be a solution to (2.1) with initial data ug € H'. Assume that
||UHL§_¢(R3XR) <00 (2.7)

then in fact the conclusion of Theorem 2.1 holds.
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Proof of Lemma 2.3. Step 1: Boundedness of L* implies boundedness of scale in-

variant norms®.

Splitting the time axis into N = O(e~*|Ju/|7s ) intervals, we may assume that
z,t

||U||L;t(R3x1) <e. (2.8)

We first use the conservation laws to obtain by interpolation a scale-invariant norm:

2

s ”L‘”L“ HUHL‘* ((®oxr) SBES
Once we have a scale-invariant quantity, we can use it to control other Strichartz
norms: using the admissible pairs (a,b) = (10/3,10/3) and (p,q) = (30/11,90/23)
n (2.13), we find that, if I = [to, 1],

< —itA t i(t—s)A 2 d
10,38 oy 5 0200030+ 1[0 (Pt sl
< lu(t 3 < M(u)3 2
~ ||U( O)HLE + Hu HLﬁig([tmtl]:Lg%g) ~ (u) * HUHL?([to,tl]:Lz%)“u”L:T,Ot

< M(u)? + €5 ful| 10
L3
x,t
and choosing £ > 0 small enough we obtain that

1
lull 39 S M)t

z,

~

Similarly, we can obtain an H!'-bound using (a,b) = (10,30/13) and (p,q) =
(30/17,90/11),

—itA - A
vau”L%OL;%g 5 He " Vzu(to LoL % +||/ it—s) V {|U|2 }d ||L10 %
2 2
S IVuo)lee +1eVul gy g SB@ I, IVl
< E(u)E +€§HVCEUHL}°L:}%
Now using Sobolev inequality, we conclude that

1
[ullzio, S Ve “”Lw 9 S E(u)?

13
and therefore, summing over the intervals, we see that
lull e mexr) S lluollar,  10/3 < p < 10.

Step 2: Scattering.
We want to show that

v(t) = e®Put) = ug + i t e A Lu(s)Pu(s) Y ds
(0 = e"u(t) =uo+i [ {ju(s)Pul)}a

-1
Snote that Li,t scales like the H% norm (see (2.9)), which is supercritical.
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is H'-Cauchy in ¢t. But using the Strichartz estimates (2.13), we obtain that for
<7,

o) = o(™)llz2 = | /Re_“A {lu(s)Pu(s)} 17 ds| 2

Sl s D§||u2|| 5 [[ull 3

L7, (R3x[r,7’ L2, (R3x[r,00) L3,

x,t

and similarly,

IVa(o() = o)z = | / 3, {u(s) Pu(s) } 17,0 ds]| 22

< 2V < |2
S lu mu\lﬁ(mw]) S il

IVoull o
)) L3

5
3yt(R3><['r,oo .t

which is Cauchy as 7 — oo.
O

Remark 2.2. The numerology in the choice of the spacetime norms can be under-
stood from the fact that the linearized equation

Lv = (10 — A) v + 2[ul*v + u*T
defines a bounded mapping S°(I) — S°(I) when wu is bounded in a scale invariant
norm |[u|pe(r.pay < o0 for

2 d d 1

- =5, d=3, s=-. 2.9
Sto=3 (2.9)

The precise choices are dictated by various applications of Hélder and Sobolev in-
equalities.

2.2. Interaction Morawetz estimates. We recall the energy-momentum tensor
for (2.1)

1
Too = §\U|27 Toj = Tjo = —S{ud,su},

. (2.10)
Tjk = 2§R {3x,u8mku} + §5Jk [|u|4 — A(|u|2)] s

which satisfies the local conservation law:
8tT0a = 6kaa, RS {0, 1, 2, 3}

In particular, one obtains a conserved measure u(dz) = 2Tyodx = |u(x,t)|*dx, and
a Virial estimate®

O /R3 {Aj(x = 20)Tjo(2)} dv = /R3 Tk (2)0kAj(z — z0)da
=2 /RS R {8IJU(Z')M} Ok Aj(x — xo)dx
+ E/Rs lu(x)[*0; A (z — x0)dx

~ 5 [ @R G (2 o)

6intuitively, this reflects the fact that whereas position and momentum can evolve in arbitrary
way, positionX momentum has a good chance to be monotonic in time.
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This can be used for various choices of vector A, with A = Va for a(z) = |x|?/2 or
a(x) = |z| or rescaled version being the most frequent (see also [8, 9] for interesting
variants in lower dimensions). Choosing a(z) = |z| and using that

1 TiTf 2) ,
A_i akA':{&k_J}7 Aa = —, A“q = —874,
| | J |:C| 5 ‘£U|2 |x| )
gives
T — X9 o= ’v
Oy /R?’ > = o] Ry {u(m)@x,u(l«)dm} da
Ol u(a)|* 2
:2/ R {axj u(x)@xku(x)} - Opi Ogra(x — xo)dx + / ———dx + 4r|u(xo)|*.
R3 g |x - 1‘0‘

The last two terms of the last line are nonnegative; since a is convex, the first term
is the contraction of two nonnegative matrices and is guaranteed to be nonnegative.
Integrating in time, we see that

t
T — 1

20 g {Maﬂ u(x)dx} dx]

|J;—x0|

lullgor2 Voullpgerz = {/
R3 to

// ddt+47r/|ux0|dt
RS ‘33—950|

This inequality holds for all choices of zy. It can be used by averaging it over the
conserved measure y = |u|?dz. This gives

) / /R {Tooly)dsa(z — y)Tyo(w)} ddy
= [ B Tixta) + T@)Tialw)} 08ya(o — )dady

=[] [l {60 ()T} + oy @) Toc )] ,010(c = )y

2 1 5 9 A9
+7 //R3 lu(y))?|u(z)|* Aa(z — y)dzdy — 1 //]R3 lu(y)*|u(z)|*A2a(z — y)dzdy.

Once again, we can safely ignore the first term on the RHS. In addition, we see

that
v i

// {' )| {u<)m(w)}}dxdys||u|ichg||v$u||LfoL2

and integrating in time, we obtain that
/// [u@)I* '“ @ el ), dydt+47r/ () [Adwdt < 2M (u)? E(u)}
R3 |z — R JR3

which gives (2.7).

Remark 2.3. (1) In the radial setting, one could combine the original Morawetz
inequality and the Strauss inequality

r2u(r)] < |1 0pul| 2
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for radial functions to get other integral quantities, e.g.

u(x, t
/ / wlie, ) ddt < ] Full3e / / PO it <l e 2|Vl

(2) Using Littlewood-Paley analysis, one may improve the reqularity require-
ments to more balanced estimates.

2.3. Toolbox: linear estimates. The basic estimate is the dispersion inequality

—i _3

le™ fllre S (4mt) 2| fllr2 (2.11)

which follows from stationary phase, or the representation of the Schrédinger semi-
group. It can be interpolated with the fact that e~ #4 is an L? isometry to obtain

— —3(1—2
le™ ™2 fllz S (@rt) 20D fll e 2<p < oo (2.12)

From (2.11) and the fact that e**2 is an L? isometry, we can deduce the Strichartz
estimates

i 2 3
le™* Fllges S Ifllas  S+5=3, p22,
P q
H / €A h(s)ds |1z S 1Al g (213)

t
” e—z(t—s)Ah(s)dsHLng S_, ||h‘H

’ ’
s=0 Ly Le

where (a,b) satisfies the same requirements as (p, ¢). Using Sobolev estimates, we
can use this to control

» » 2 3 3
e ZtAfHL;?L; SIVIte ltAfHLng S Hf”sz P + 97 S.

3. MODIFIED SCATTERING

This is largely inspired from [7]. Here we consider the cubic Hartree equation in
R3

(10 — A)u+ ((=A)Hu[*)u =0, u(t=0)=¢ (3.1)

and we show that, for small and localized initial data ¢, the solution satisfies a
different asymptotic behavior: modified scattering.

We can start with the same considerations as for (2.1). The main conservation
laws are similar

M(u) = M(uw),  E(u) = / Vol + 2 / dedy

(3.2)
1 _
= | Vaull7: + IV )17

and the scaling invariance
u(z,t) = Nu(Az, \%t)

which leaves invariant the H~2(R?) norm of the initial data. We see that both
conservation laws are subcritical and we do not expect them to be very helpful in
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the analysis of the asymptotic behavior”. The scaling analysis would suggest to use
a norm like

ullz: == llull g2 13
as our main control norm. Unfortunately, this norm is not even finite for linear
solutions (see Lemma 3.1). We will replace it by the weak control norm

lullz := [[wll Lo g (3.3)
which still controls the main term in the decay estimate.

Remark 3.1. We can observe that the proof of weak linear scattering no longer
works since this time, the best that can be said using the conservation laws is that®

(=2 uP)ull, o S Mlullze - [1(=A) " ul* s Slallzz - [Hul?[ s
which is insufficient since for a Schwartz function |e®®¢||pe < (¢)71 is not inte-
grable. We will see indeed that the solutions follow a different asymptotic behavior:

modified scattering.

It turns out that there is a replacement for a conservation law coming from the
invariance under Galilean translations

u(@,t) = Goula, t) = el =)y — oty 1) (3.4)

which generates the following Galilean vector field

Gju(z,t) = (ijgvu) = —2t0u — izju(z,t)
|[v=0

3.5
izl izl (3.5)
—2te” "4 O < ety

and one can see that
[uwollg-1 < llzwollre = [[Gyu(t = 0)| 2.

In addition, since (3.4) is a conservation law for the equation, we see that

0
0= (Weq(gvu)) =L,Gju

lv=0
where L, is the linearization

Low:= (10, — A)w + [(—A) ' (|u*)] - w+2 [(-A) 'R {mw}] - u (3.6)

and once again, if we control a critical norm, we can hope that £, has nice bound-
edness properties, which allows to propagate bounds on Gju, which can then be
interpolated with the conservation laws to obtain boundedness of the critical norm.
This is amenable to a bootstrap analysis.
We first observe that the linearized equation (3.6) almost preserves the L? norm:
%%Hwﬂiz = (0w, w) = F(Lyw, w) — 2F((—A) ' R{Tw}u, w)

_ L Ra(z)w(@)}S{ay)w )}
N 27 //Rs d dy

|z -y

7Though of course, they can be used to guarantee global existence.
8And even this requires a missing endpoint Sobolev estimate.
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and using Cauchy-Schwarz and Sobolev’s embedding, we find that

1 d (@) (), \?
5 il S o, - (/[ 20D g0y

1
SwllZz V12 ul?llez < lollZe el g
< lwllZellullzs
and Gronwall inequality gives that
lw®)ll7z < lw(0)172 - exp(Cllullzzo.4.22))- (3.7)

This is almost enough to conclude. Looking at (3.5) suggests that a better
unknown than u could be v = eilel*/4t
embedding that

u, for which we can observe, using Sobolev

1 1 1 1 1 1 1 1
lu@llze = llollzs S vl z2AVollze < flullfe - (GlGulr2)® S 72 M (u)T(|Gul 7.
From which we deduce that

lull L2 ,g:08) S M(w)?||Gull L (o,4:22) vV In(?)

which barely misses to close when combined with (3.7): assuming that ||Gul|p2
remains bounded, one obtains that it increases slowly (if the data are small).
Thus a naive bootstrap fails. Ultimately, the above scheme would not allow us
to control a scale invariant norm uniformly in time, which makes it improbable. We
will improve the above strategy by introducing a (weak) scale-invariant quantity,
the Z-norm in (3.3) which we will show remains bounded along the evolution. As
a reality check on it, we observe that it does remain bounded for linear evolutions
and that it is weaker than the norms from the preliminary bootstrap (see (3.9)).

3.0.1. General strategy. Since we are considering a small data, setting u = v, we
can rewrite the equation as

(10, — A)v = €2 [(—A)*1|v|2} )

and, as a first approximation, one can integrate exactly the blue terms by setting
f(t) = e*Au(t). The equation then becomes

0 f(t) = —ic?e™ {[(—=A) e A FP] e A F Y = T(f, £, f).

which is a priori O(g?) and so f remains small for times O(¢~2), but the right-hand
side is not purely perturbative and we need to extract an effective dynamics and
recast

0~ 1Tt (P 1D = 07 T F.1 ) (33)

and we expect the right-hand side terms to be perturbative, so that solutions asymp-
totically only solve the blue dynamics: they are well approximated by solutions of
the form

Z.asg = ,Teff(gagag)
The Z-norm is then chosen as a conservation law for this dynamics, and a good
model for the solutions to (3.1) is

u(t) = e "2 f(t) = e " (g(In(t) + o(1)).
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If the dynamics for g converges, we obtain a reformulation of the scattering state-
ment. Else, we obtain modified scattering since the main evolution (in time t) is
the linear flow, but it needs to be composed with a secondary slower evolution (in
time In(t)).

In our case, we can even integrate exactly the dynamics on the right-hand side of
(3.8) by a simple phase conjugation by setting ¢(t) = ei@]?(t)7 and the final model
can be given in terms of a modifed phase

U(l‘,t) — /RS goo(f)e—i[<$.§>+\1/(§7t)]d§7 \Ij(fﬂf) _ |§|2 + % [(_A)_1|goo|2] (5)

We also refer to [4, 6] for adaptations of this method in other contexts, and to [5]
for a different take on a similar problem.

3.1. Small data modified scattering for Hartree.
Theorem 3.1. Assume that
lzuoll L2 + lluollm: < €0
then, there exists a unique global solution of (3.1) which satisfies the bounds
lullpsems + llullz Seo. Gu(t)|rz S o(t)™

and this solution satisfies modified scattering in the sense that there exists a function
Goo € L2N L3 such that

(e, t) — ei[ﬂﬂ“ln(ﬂ[(—ﬁrl\goo@)lz]]goo(g)HLg —0, ast— +oo.

3.2. Closing the bootstrap. We need to find a modification of the above argu-
ment. Allowing growth of [lul[2([14):23) faster than logarithmic would not do: this
would lead to exponential bounds after one round of the bootstrap and could not
be saved. Instead, we will allow [|Gu(t)]| 2 to grow slowly and try to keep the L L3
from growing faster than logarithmically.

Let

lullx, := llullz> + [[Gul| >
Note that the X; norm depends on ¢ through the definition of G. Local well-
posedness ensures that solutions belong to C? X;, and that ¢ — |lu(t)| x, is contin-
uous in time.

We can first observe that the weak norm Z is indeed weaker (than X'). We start
from the following reinterpretation of G which follows from (3.5):

F{Gie "8 (€) = €0, F(6),  |Ge ™A fl g2 = [l f |-

and we conclude that

~ 1 1
[allzs = flles S FI g S WAl sl 2o (3.9)

To obtain quantitative bounds, it will suffice to prove the following bootstrap:
Assume that, for 0 < ¢t < T, there holds that

[uollzz + |lzuo|| L2 < eo,
lu(@)ll2 + [[a(t)| e < e, (3.10)
|Gu(t)| 2 < e1(t)°
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then, in fact
lu(t)]|z2 S eo,
IGu(t)|| 2 < eot)Cet, (3.11)
()| os < 20 + .

Taking €1 > &y, this allows to propagate the bounds (3.11) by continuity globally
in time.

The first bound in (3.11) follows by conservation of the energy. Using Lemma
3.1 and integrating in time, we find that

lellzzo.rie) S VDN lery + sup = ullx S ex [14+ Vi)

which, given (3.7) provides the second bound in (3.11). Finally, the last bound is
proven in Section 3.3.

3.2.1. Precised dispersion inequality. We prove the following precised dispersion
inequality

Lemma 3.1. Assume that f is a Schwarz function, then
- 17 _3
le™™2 fllzs sy = et | fllsesy +t1p(t), o) S [Ifllx, (3.12)
and in particular, for t > 2, ||e_“Af||L2([17t];Lg) > +/In(t).

Proof of Lemma 3.1. We revisit the proof of the dispersion inequality

|z|?
. 1 e—y|? e "t ooy lwl?
e—ztA ) = . / et dy = 73/ el(m,ﬂ>—1 e dv.
(e72f) (2) GminT oo f(y)dy rinT o f(y)dy

-y 2
If f is compactly supported, we see that e*’%f(y) — f(y); extracting the limit,
we obtain

=2

—ita AN WD ). (=% —1) g
(@) @) = S (P [ e y
|2
e i s~
= W (f(‘@) + R(%t))
We will see that R is a remainder. We can start by inspecting the main term
_il=l?
e it~ €T 3, ~ BT
| @i} Fl=gple = et 21 (=2/48)lleg = 't72 1 fllos- (3.13)
For the remainder?, we note that
il x
Rifla) =7 { ¥ - 0rw) b ()

1
2

and, decomposing, for A := (t)z,
f=FfstFus L) =eA W), fay) = (1= oA ) f()

9We are thankful to A. Stingo for suggestimg this approach.
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we see that

[yl

_iiz —iﬁ 3
||R[fs]||L3§t||}-{(€ g —1)fs}||L3§t||(€ - Dfs S Alefl s S AHefe,

Jy)2

e A — _1
IR[fulllze S tHe™ 5 = Dfall 3 Stfall s S thafllezllyl ™ 1gyzayllze S tAT2 |2 fllze.

O

3.3. Improved bootstrap. In order to close the bootstrap (3.11), it suffices to
control the third norm. Recall that the linear profile

f(t) == e Pu(t)

satisfies
0 f(t) = —e'A { [(fA)*1|e*itAf|2] efitAf} '

This is slightly easier to interpret in the Fourier space

.a 7 —q o) 7 = i~ dndo
ionfie.) == [[ e e fie—n.fie —n—onfie a0 T
(I)(§77770) = ‘€|2 + |£ -n- 0—‘2 - |£ - 77|2 - |£ - U|2 = 2<na0>
which finally gives the evolution equation for the linear profile
Py —92i o) 7 = -~ d dU
0 f(et) = [[ e 0N fe—nf(e—n-a0fic - 0.0
R® l (3.14)

=T, 1, ).
We can rewrite
TELD = [[[ r@swiFeee = 1z

I:= // e—2it(7],o>ei(n,w—z>ei<o,y—z) dnda
In[?

and using the Fourier transform computations

, d
/ emitee) I8 cal]*, 0<a<d
R

E

we can compute that

I:= /ei<(r7yfz> /67i<n,27172t0>ﬁ do = 02/€i(a,y7z> do
In|? |z — x — 2to]

_ i) do _ oo e—iar(z—2,2—y)
2t lo — %% 2t |z — y|?

Now, on the support of f we expect |z — x| < V1, |z — y| < Vt (e.g. if we can
assume that f is “close to” having compact support) and we can extract the main
order contribution by suppressing the slowly oscillating exponential:

-~ ~ ~ ~

TR0 =1 [Tets BT P + Toem(F . )]
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where

NN 7 dadyd
Ters(fs f, ):// F(@)f(y)F(2)e 6= y>|:7yyé

=70 ([[ switepecen B )
= F- ([[ 16 - oiFreen )
= 7o)+ (/[ FnFoneter= )

while the remainder is give by

PPN o —igg (z—m,2—y) _
T 5.5 = [[[ t@swTecse e = ndya

|z =yl

_ 4 i3 (y—ay—2) _
= [ s+ = wswTee e S dady:

and we can rewrite (3.14), isolating the perturbative terms:

~

P c PN
i0f(61) ~ < [(-2)1FP] © - Flet) = T Toen (P T ).
the left-hand side can be integrated exactly by bettmg

~

36 0) = Fle.0e®E0, 66,0 =~ [(-8) 3] ©),
which satisfies
0§(6,1) = 1 OOT, o (FLF ), (315)
with a right hand side which is perturbative according to Lemma 3.2.

Lemma 3.2. There holds that

3
[ Trem (1, P2 F3)llze S O TL U llze + o fsl e
j=1

Proof of Lemma 3.2. Using Hausdorff-Young, and Hardy-Littlewood’s inequalities,
we see that
elar(y—ay—z) _

TenFoo B Bz <1 [ fa 2 =) i) =

<Al - ‘ R
Sl s llfll g /sl s

We can decompose, for A := (t)9,
=41 Be)=ed 0 fi@), @) =0-eA ") fi),
with

1
dydz”LL%

_1
11, g Nllf”I\L2||f”||2 S AT E |z f e
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and we deduce that we may assume
_ 3 3
filr) = p(A ) filx), A= (Ifiler S A2 fillee S A2V M (u)
and when all positions are small, we can expand
eizi (y—ony—z) _ 1‘ <4142
which leads to an acceptable contribution. (I

Finally, we can close the bootstrap estimate (3.11). Indeed, we can start from
(3.15) and obtain that
t

[@®)l[rs = [flls = 9llzs < Ig(0)] 2o +/ (s)71%elds < g9 + Cel.
s=0
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